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that	 good	 agreement	 between	 computational	 and	 experimental	 data	 can	 be	
achieved.	This	method	will	therefore	enable	future	optimisation	of	the	geometry	
and	motion	of	the	Realheart®.
K E Y W O R D S
computational	fluid	dynamics,	fluid,	hemodynamics,	structure	interaction,	total	artificial	
heart
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these	 cases.	 However,	 the	 number	 of	 transplants	 is	 lim-
ited	 by	 the	 number	 of	 heart	 donors,	 and	 the	 number	 of	
donations	 does	 not	 meet	 the	 requirements.	 Hence,	 the	
number	 of	 patients	 listed	 for	 heart	 transplant	 continues	








displacement	 pump	 Reinheart7;	 and	 biohybrid	 pump,	
CARMAT,8	 there	 is	 only	 one	 TAH	 approved	 for	 clinical	
use,	 Syncardia.9	 Despite	 its	 success,	 the	 Syncardia	 TAH	
suffers	from	limitations	including	a	large	air	compressor	
to	 move	 with	 the	 patient;	 large,	 transcutaneous,	 com-
pressed	air	 tubes	 that	 increase	 the	 risk	of	 infection;	and	
thromboembolic	and	hemorrhagic	events.10
Aiming	 to	 overcome	 these	 limitations,	 the	 Realheart	
TAH	 uses	 the	 novel	 concept	 of	 a	 moving	 atrioventricular	
plane	to	pump	blood.11	This	mechanism	mimics	the	native	










Computational	 fluid	 dynamics	 (CFD)	 has	 been	
used	 extensively	 for	 studying	 flow	 in	 rotary	 ventricular-	
assist	 devices16,17	 as	 well	 as	 rotary	 TAHs,	 including	 the	
CFTAH.18	There	 are	 fewer	 uses	 of	 CFD	 for	 positive	 dis-
placement	 TAHs:	 Slepian	 et	 al9	 used	 CFD	 to	 simulate	
blood	 flow	 in	 the	 Syncardia	 TAH	 and,	 thus,	 calculate	
the	probability	density	 function	 for	 stress	accumulation,	
which	they	found	differed	with	valve	orientation;	in	con-









As	 part	 of	 the	 iterative	 design	 improvement	 process,	
involving	in	silico,	in	vitro,	and	in	vivo	testing,	the	aim	of	
this	work	was	to	create	a	numerical	model	of	the	left	side	




this	 end,	 four	 different	 methods	 were	 tested.	 The	 com-
puted	 pressures	 in	 the	 two	 chambers,	 and	 the	 flow	 rate	
produced,	 were	 compared	 with	 experimental	 measure-
ments.	The	best	method	was	then	used	to	investigate	the	
hemodynamics	 within	 the	 chambers	 including	 the	 fluid	
power,	blood	shear	stresses,	and	washout	times.	Through	






2 |  METHODS
2.1 | Governing equations
The	governing	Navier–	Stokes	(NS)	equations	were	discre-
tized	 using	 the	 finite-	element	 method	 and	 solved	 using	
Autodesk	 CFD	 2019.22	 The	 finite-	element	 method	 has	
been	 used	 by	 other	 researchers	 for	 investigating	 blood	
pumps	 (for	 example17,23).	 A	 single	 Reynolds	 number	
(Re)	 for	 the	 whole	 device	 cannot	 be	 defined;	 therefore,	
we	 looked	 at	 the	 inlet	 and	 outlet,24	 which	 are	 pipes	 for	
which	transition	to	turbulence	has	been	studied,	with	the	
understanding	 that	 the	 geometrical	 features	 may	 trigger	
turbulence	at	lower	Re.	The	maximum	instantaneous	Re	
was	4300	at	the	inlet,	and	the	cycle-	average	Re	was	1500.	
Studies	 of	 flow	 in	 pipes25-	27	 show	 that	 during	 the	 accel-
eration	phase	the	flow	remains	laminar	for	Re	larger	than	
would	normally	cause	transition	but	becomes	“disturbed”	
during	 the	 deceleration	 phase	 when	 there	 is	 production	
of	 turbulent	 kinetic	 energy	 (TKE).26	 Only	 if	 the	 cycle-	
average	Re	is	greater	than	2700	will	the	flow	become	fully	
turbulent.25	Maximum	Re	in	the	ventricle	chamber,	based	













As	 Realheart's	 main	 mechanism	 is	 the	 replication	
of	 the	native	human	heart	and	consists	of	both	a	 flexible	
membrane	displacement	and	moving	bileaflet	valves,	 this	




fluid	 elements	 take	 on	 the	 instantaneous	 velocity	 of	 the	
solid.	As	the	solid	moves	through	the	fluid,	different	fluid	
elements	 take	 the	 velocity	 of	 the	 solid	 part	 and	 a	 no-	slip	
boundary	condition	at	the	solid	surface	is	achieved.32
2.2 | Computational domain
The	specific	device	modelled	was	the	Realheart	TAH	pro-





chambers	 are	 connected	 by	 a	 cylindrical	 section:	 within	
this,	a	prosthetic	mitral	valve	(MV)	linearly	translates;	and	
around	this	is	a	piston	to	compress	the	deformable	mem-








To	 achieve	 the	 membrane	 displacement	 in	 the	 atrial	























2.4 | Rheology and boundary conditions
Blood	 was	 assumed	 to	 be	 shear-	thinning	 with	 Carreau	
rheology	 (Equation	 1)	 and	 effective	 viscosity,	 μ.34	 The	
constants	were	as	follows:	high	shear	rate	viscosity	μ∞	=	
0.0035 Pa.s,	zero	shear	viscosity	μ0	=	0.056 Pa.s,	relaxation	
time	 constant	 λ  =  3.313  seconds,	 and	 power-	law	 index	
n = 0.356.








where	 the	 pressure	 pulse	 has	 a	 reduced	 magnitude,	 and	
the	 value	 was	 obtained	 using	 systolic	 and	 diastolic	 aortic	
pressure	 from,14	 estimating	 pressure	 in	 the	 small	 arteries	
according	to36	and	then	assuming	mean	arterial	pressure	=	
2/3	 diastolic	 pressure	 +	 1/3	 systolic	 pressure.	 Inspired	 by	
Coccarelli	et	al,37	to	simulate	the	resistance	of	the	aorta	and	
large	 arteries,	 a	 porous	 media	 component	 was	 included	
in	 the	 fluid	 domain	 upstream	 of	 the	 outlet.	This	 allowed	







ability	constant,	κ,	 for	 the	porous	media	component	 in	the	











2.5 | Plane and valve motion strategies
The	Realheart	device	consists	of	three	moving	components:	
membrane	 displacement,	 translating	 and	 rotating	 MV	
leaflets,	and	rotating	AV	leaflets.	The	motion	of	the	piston	
was	 sinusoidal	and	controls	 the	atrioventricular	plane	 in-
cluding	the	MV,	with	a	specific	amplitude,	or	half	the	stroke	
length	A = 12.5 mm,	a	total	time	for	the	downward	motion,	
the	systolic	phase	Tsystole,	and	a	 total	 time	for	 the	upward	
motion,	the	diastolic	phase	Tdiastole.	These	times	are	variable	
and	currently	set	according	to	Equations	(3)	and	(4)	38:
(3)T = Tsystole + Tdiastole
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The	 motion	 of	 the	 atrioventricular	 plane,	 which	
drives	 the	 pump,	 was	 then	 specified	 according	 to	
Equation	(5):







motions	 of	 the	 valve	 leaflets	 to	 find	 the	 most	 accurate	




opening	 and	 closing	 angles	 from	 experiments.	 The	 four	
strategies	are	described	in	detail	below.
1.	 The	 MV	 closed	 at	 the	 maximum	 vertical	 plane	 dis-
placement	 during	 diastole	 and	 opened	 at	 the	 mini-
mum	 displacement	 during	 systole.	 The	 AV	 motion	
was	 synchronized	 to	 the	 MV	 so	 that	 it	 opened	 as	
the	 MV	 closed	 and	 closed	 as	 the	 MV	 opened.	 The	
time	 taken	 for	 either	 valve	 to	 open	 or	 close	 was	 one	






rect	 time.	 In	 Autodesk	 CFD,	 flow-	driven	 motion	 was	
implemented	 by	 enabling	 the	 “flow- driven”	 option	 in	
the	 motion	 setup	 and	 applying	 maximum	 and	 mini-
mum	bounds	for	rotation	angles	of	the	valve	leaflets.
3.	 MV	 motion	 from	 experiments	 (see	 4)	 and	 AV	 flow-	
driven	(see	2).
4.	 Experiments	 were	 performed	 with	 the	 Realheart	 in	 a	
water	test	rig	operating	at	heart	rates	60-	120 bpm,	and	
videos	showing	the	valve	motion	were	recorded.	Videos	
had	 a	 frame	 rate	 200  Hz	 and	 were	 analyzed	 using	
the	 Image	 Processing	 Toolbox	 in	 MATLAB	 (Release	



















No. of solid 
elements
No. of fluid 
elements
Total no. of 
elements
1 Coarse 293 034 396 391 689 425
2 Medium 1 098 448 1 473 319 2 219 873
3 Fine 1 192 196 1 636 010 2 828 206
4 Very	Fine 2 129 461 2 929 543 5 059 004
F I G U R E  2  A,	Atrioventricular	plane	motion	used	for	strategy	(1),	(2)	and	(3),	and	valve	angle	motion	for	strategy	(1).	B,	
Atrioventricular	plane	and	valve	angle	motion	used	for	strategy	(4).	The	plane	displacement	uses	the	left-	hand	vertical	axis,	whereas	the	
valve	angles	are	shown	by	the	right-	hand	vertical	axis	[Color	figure	can	be	viewed	at	wiley	onlin	elibr	ary.com]
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ventricular	 plane	 was	 then	 used	 to	 synchronize	 the	
experimental	 valve	 leaflet	 opening	 and	 closing	 times	
with	 the	 theoretical	 sinusoidal	 atrioventricular	 plane	
motion,	to	produce	the	input	data	on	the	valve	motions	
for	the	CFD	simulations	(Figure 2B).
2.6 | Simulation postprocessing
To	evaluate	the	efficiency	of	the	Realheart,	the	fluid	power	
consumption	of	the	device	was	computed.	This	was	esti-






type	 of	 blood	 damage	 but	 were	 indicative	 of	 the	 shear	
stresses	present.39	In	general,	blood	damage	is	a	function	












2.7 | Hybrid rig experiments
A	 hybrid	 cardiovascular	 simulator	 was	 adapted	 to	
test	 and	 characterize	 the	 hemodynamic	 behavior	 of	
the	 Realheart	 TAH,	 and	 the	 study	 was	 previously	 re-
ported.41	 Briefly,	 the	 hybrid	 simulator	 was	 comprised	
of	 a	 computational	 and	 a	 hydraulic	 component:	 the	
computational	domain	was	a	lumped	parameter	model	
of	 the	 cardiovascular	 system;	 the	 hydraulic	 domain	
included	 four	 “hybrid	 interfaces”	 where	 the	 TAH	 was	
connected	 to	 interact	 with	 the	 rest	 of	 the	 circulation.	






rates	 were	 measured	 using	 Transonic	 flowmeters	 (ME	
24	PXN,	T402	Transonic	Systems	Inc,	Ithaca,	NY)	placed	
at	the	outlet	of	each	artificial	ventricle.
3 |  RESULTS
3.1 | Mesh study
Mesh	quality	was	assessed	using	the	aspect	ratio,	which	
varied	between	1	and	48.5	with	a	mean	value	1.7.	Mesh	
sensitivity	 was	 evaluated	 by	 comparing	 the	 pressure	
and	velocity	fields	with	the	four	different	meshes.	The	
fine	and	very	fine	meshes	captured	changes	in	pressure	




of	 the	 peak	 pressure.	 Measurements	 of	 velocity	 along	
the	 cross	 section	 in	 the	 ventricle	 at	 mid-	diastole	 were	
obtained	 (the	 line	 indicated	 in	 Figure  1B).	 The	 veloc-
ity	 profiles	 were	 smoother	 for	 the	 fine	 and	 very	 fine,	
compared	with	the	more	irregular	shape	for	the	coarse	
and	 medium	 meshes	 (Figure  3B).	 The	 average	 abso-
lute	velocity	difference	between	fine	and	very	fine	was	
0.0156 m/s,	which	was	2.8%	of	the	maximum.	The	fine	




3.2 | Pressure and flow
Simulated	 pressures	 in	 the	 atrium,	 ventricle,	 and	 aorta	
were	compared	between	each	of	the	four	motion	simula-
tion	strategies	 (Figure 4).	The	simulated	pressure	 in	 the	
ventricle	was	compared	with	that	measured	in	the	hybrid	




general	 pressure	 waveforms	 for	 each	 chamber	 were	
nonphysiological.	This	was	also	the	case	for	strategy	(3),	
in	 which	 the	 AV	 was	 flow-	driven,	 and	 large	 spikes	 in	
ventricular	 pressure	 were	 seen	 (Figure  4).	 Ventricular	
pressure	 measurements	 were	 the	 most	 sensitive	 pa-
rameter	 for	each	of	 the	strategies.	The	mean	ventricu-
lar	pressure	calculations	for	strategies	(1)	and	(4)	both	
showed	 good	 agreement	 with	 experimental	 measure-
ments	 (Table  2).	 Comparing	 waveforms	 of	 (1)	 and	 (4)	
(Figure 4),	negative	and	positive	spikes	in	pressure	were	




The	 waveform	 for	 strategy	 (4)	 had	 the	 best	 qualitative	
agreement	with	the	experiment.
Velocity	 fields	 for	 strategies	 (1)	 and	 (4)	 are	 given	 in	
Figure  5	 at	 mid-	diastole.	 The	 velocity	 fields	 were	 very	
similar;	 however,	 using	 strategy	 (1),	 there	 were	 regions	
of	higher	velocity	downstream	of	 the	MV,	 in	addition	to	






strategy	 (4),	 showing	 good	 agreement	 with	 the	 experi-












The	 results	 of	 the	 motion	 study	 show	 that	 the	 flow-	
driven	motion	implemented	for	the	valves	is	prone	to	nu-




3.3 | Hydraulic power and efficiency










3.4 | Shear stress
The	 largest	 shear	 stresses	 occurred	 during	 diastole	 as	 the	
atrioventricular	 plane	 moved	 upward	 and	 blood	 flowed	










F I G U R E  3  Mesh	sensitivity	(A)	comparison	of	ventricle	pressure	on	different	meshes,	at	the	location	shown	in	Figure 1,	throughout	
time	(B)	comparison	of	velocity	profiles	during	mid-	diastole	on	a	line	through	the	ventricle,	as	shown	in	Figure 1	[Color	figure	can	be	
viewed	at	wiley	onlin	elibr	ary.com]
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3.5 | Washout




study	on	 rotary	VADs,42	 so	 the	 remaining	16%	will	 take	
longer	 to	 wash	 out	 than	 the	 first	 16%.	 The	 regions	 that	
F I G U R E  4  Simulated	pressure	waves	in	the	atrium,	ventricle,	and	aorta,	at	the	locations	shown	in	Figure 1,	for	the	different	valve	
motion	strategies,	compared	with	experimental	pressure	in	the	ventricle	[Color	figure	can	be	viewed	at	wiley	onlin	elibr	ary.com]




Mean atrial pressure 
(mm Hg)




1 48.15 15.1 74.1 5.19
2 3454.4 14.8 580.7 –	
3 95.7 14.3 64.6 –	
4 43.2 15.1 74.8 4.24
Experimental 45.7 7.4 84.5 4.46






















rate.	 Then	 strategy	 (1)	 cannot	 account	 for	 the	 potential	
presence	of	regurgitation,	which	could	occur	if	the	valves	
open	and	close	at	different	times.	This	motion	of	the	de-
vice	gave	sharp	 increases,	or	“spikes,”	 in	pressure	 in	 the	





F I G U R E  6  Temporal	variation	in	inlet	and	outlet	flowrate	for	strategy	(1)	and	strategy	(4)	[Color	figure	can	be	viewed	at	wiley	onlin	
elibr	ary.com]
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ventricular	chamber.	These	occurred	at	times	when	both	
the	MV	leaflets	and	AV	leaflets	were	changing	angle	and	
were	 assumed	 to	 be	 due	 to	 the	 difference	 between	 the	











lets	 to	 cause	 accelerations,	 the	 induced	 motion	 of	 the	
leaflets	 in	 turn	 exerts	 forces	 on	 the	 fluid,	 thus	 altering	
the	flow.	This	fluid–	structure	interaction	resulted	in	high	
numerical	 instability,	 which	 could	 likely	 be	 resolved	 in	
future	 by	 using	 different	 software,	 which	 has	 increased	




In	 strategy	 (3),	 a	 prescribed	 MV	 motion	 was	 intro-
duced,	with	a	flow-	driven	AV	with	the	aim	of	overcoming	
the	instability	found	with	strategy	(2).	Although	the	sim-





showed	 minimal	 differences,	 indicating	 that	 although	
the	 timing	 of	 the	 valve	 motion	 has	 a	 large	 influence	 on	
the	pressure	waves	during	the	opening	and	closing	of	the	
















ences	 of	 5%	 and	 6%	 in	 ventricular	 pressures	 from	 strat-
egies	 (1)	 and	 (4),	 respectively.	 Comparing	 average	 flow	
rates,	the	differences	between	experiment	and	simulation	









boundary	 conditions.	 The	 minimum	 ventricle	 pressure	
in	 the	 simulation	 has	 a	 larger	 negative	 than	 the	 experi-
ment;	this	is	caused	by	a	vacuum	effect	occurring	as	the	




ence	 in	 the	 pressures	 at	 these	 times,	 which	 can	 be	 seen	
by	 comparing	 the	 results	 for	 strategies	 (1)	 and	 (4).	 It	 is	
likely	that	the	lower	minimum	ventricle	pressures	in	the	
simulations	 compared	 with	 the	 experiments	 are	 the	 re-
sult	of	remaining	small	errors	in	the	precise	timing	of	the	
motion	of	the	valve	leaflets,	which	rely	on	correctly	iden-
tifying	 the	 exact	 times	 at	 which	 the	 valves	 start	 to	 open	
and	finish	closing.	Due	to	the	translation	of	the	MV,	and	
limited	viewing	angle	due	to	requiring	a	transparent	win-
dow	 through	which	both	 the	MV	and	AV	could	be	 seen	
simultaneously,	 the	 MV	 was	 not	 always	 in	 focus	 and	 so	













with	 the	experimental	 flow	rate	 (difference	0.22 L/min).	
There	 was	 reverse	 flow	 at	 the	 outlet,	 which	 occurred	 as	
the	AV	closed	(8.53 mL)	and	some	reverse	flow	at	the	inlet,	
F I G U R E  9  (Left)	Spatial	variation	in	concentration	after	four	cycles	and	(right)	temporal	variation	in	concentration	in	the	different	
regions	of	the	device	[Color	figure	can	be	viewed	at	wiley	onlin	elibr	ary.com]
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which	occurred	as	the	piston	moved	away	from	the	ventri-
cle,	firstly	just	before	the	MV	opened	(3.31 mL),	and	then	













Shear	 stresses	 calculated	 using	 strategy	 (4)	 were	 low	
compared	 with	 rotary	 blood	 pumps,	 where	 similar	 com-
putational	 studies	 have	 identified	 that	 significant	 regions	
of	 shear	 stresses	 greater	 than	 150  Pa	 can	 exist39,45,46	 and	
were	concentrated	around	the	moving	MV.	Based	on	these	





















lute	 difference	 of	 8.5  mm  Hg,	 slightly	 lower	 mean	 (41.7	
vs.	 43.2  mm  Hg)	 and	 slightly	 higher	 maximum	 (198	 vs.	
191 mm Hg).	The	TKE	was	small,	generally	<0.1 mJ/kg	
with	 maximal	 values	 around	 1  mJ/kg	 for	 short	 periods,	
which	is	comparable	with	simulations	of	a	fully	functional	
bileaflet	mechanical	heart	valve	 in	which	 the	maximum	























including	stroke	 length,	 frequency,	 ratio	of	 systole	 to	di-
astole,	and	cyclic	speed	variation,	 to	maximize	washout,	
while	 minimizing	 power	 consumption	 and	 maintaining	
the	low	shear	stresses.
5 |  CONCLUSION
With	 the	 increase	 in	 transplant	 waiting	 times	 the	 de-





showed	 that	 in	 the	 absence	 of	 a	 functioning	 FSI	 solver	
the	valve	motion	can	be	incorporated	using	a	prescribed	
motion	 obtained	 from	 video	 analysis	 of	 the	 moving	
valves.	 There	 was	 good	 qualitative	 agreement	 between	
the	calculated	and	measured	ventricle	pressures,	and	the	
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